The complex phenotype of Huntington's disease (HD) encompasses motor, psychiatric and cognitive dysfunctions, including early impairments in emotion recognition. In this first functional magnetic resonance imaging study we investigated emotion-processing deficits in 14 manifest HD patients and matched controls. An emotion recognition task comprised short video-clips displaying one of six basic facial expressions (sadness, happiness, disgust, fear, anger, neutral). Structural changes between patients and controls were assessed by means of voxel-based morphometry. Along with deficient recognition of negative emotions, patients exhibited predominantly lower neural response to stimuli of negative valences in the amygdala, hippocampus, striatum, insula, cingulate and prefrontal cortices, as well as in sensorimotor, temporal and visual areas. Most of the observed reduced activity patterns could not be explained merely by regional volume loss. Reduced activity in the thalamus during fear correlated with lower thalamic volumes. During the processing of sadness, patients exhibited enhanced amygdala and hippocampal activity along with reduced recruitment of the medial prefrontal cortex. Higher amygdala activity was related to more pronounced amygdala atrophy and disease burden. Overall, the observed emotion-related dysfunctions in the context of structural neurodegeneration suggest both disruptions of striatal-thalamo-cortical loops and potential compensation mechanism with greater disease severity in manifest HD.
Introduction
Huntington's disease (HD) is an autosomal-dominantly inherited neurodegenerative disorder caused by an expanded CAG-repeat on chromosome 4p. The earliest neuropathological changes are found in the striatum starting several years before symptom manifestation (Aylward et al. 2004; Paulsen et al. 2010) , and eventually leading to widespread brain atrophy (Vonsattel 2008) . Symptom manifestation is conventionally defined by the onset of motor symptoms, though the clinical phenotype of HD is complex and further encompasses psychiatric and cognitive dysfunctions, including early impairment in emotion processing Paulsen 2011) .
The ability to accurately recognize and infer the emotional states of others is crucial for adequate social behavior and interpersonal interactions. There has been an increasing interest on emotion processing in HD to improve our understanding of pervasive cognitive and psychiatric disturbances and as a potential biomarker to monitor disease-progression and disease-modifying treatments (Tabrizi et al. 2009 ). Behavioral findings in pre-manifest HD have been inconsistent, though deficits in disgust recognition were reported more commonly (Gray et al. 1997; Hennenlotter et al. 2004; Sprengelmeyer et al. 2006) . Manifest patients seem to feature a more generalized impairment in emotion recognition with negative facial expressions (particularly anger, fear, disgust) being more severely affected than happiness or surprise (for review see: Henley et al. 2011) . The neural substrates underlying these deficits were mostly investigated by correlative structural magnetic resonance imaging manifest HD subjects compared to controls, explaining the deficient disgust recognition in the HD group. In a recently published fMRI study, Novak et al.(2012) used a similar task in sixteen pre-manifest subjects and revealed, in the absence of behavioral deficits, altered neural activity in widely distributed networks including prefrontal, parietal, insular and cingulate cortices during disgust, anger and happiness processing. However, significant group differences were only observed after controlling for gene-dosage (CAG repeats or probability of disease onset within five years), which the authors explained with the heterogeneous nature of HD (Novak et al. 2012) . Since behaviorally emotion recognition deficits seem to converge to a more general impairment in the manifest stage, emotionrelated functional alterations in conjunction with progressive structural degeneration may also become more pervasive after symptom manifestation. Understanding emotional disturbances is of particular interest in early manifest HD given its clinical relevance, impact on quality of life and potential therapeutic options. Thus, complementing findings in pre-manifest HD, we aimed at investigating the neural correlates of emotion processing deficits in the symptomatic stage of HD. In the current fMRI study, we examined the processing of five basic emotions (i.e., fear, anger, disgust, sadness, happiness) in an event-related emotion recognition paradigm displaying video-sequences of vivid facial expressions. We expected to find deficient accuracy in the recognition of negative emotions and abnormal patterns of neural activity in response to emotional stimuli in patients, particularly in limbic networks.
Additionally, we investigated the impact of structural alterations on emotion-related activity patterns in HD.
Methods

Participants
Fourteen manifest HD patients were recruited from our Huntington Outpatient Clinic (Department of Neurology, RWTH Aachen University). The control group comprised 14 healthy volunteers with no history of neurological or psychiatric diseases matched for age, gender and handedness in a pair-wise manner and did not significantly differ from the HD group in educational level (see Table 1 ). All subjects gave their written informed consent for participation in this study, which was approved by the local ethics committee according to the declaration of Helsinki.
Participants were examined using the Unified Huntington's Disease Rating Scale (UHDRS,Huntington Study Group 1996) for each subscale (motor, function, behavior, cognition), the Mini-Mental-State Exam (MMSE,Folstein et al. 1975) , and a modified version of the Wisconsin-Card-Sorting-Test (mWCST,Nelson 1976; Truong 1993) . Most patients were in an early disease stage (stage I: 6; stage II: 6), two patients in a moderate stage III (Shoulson and Fahn 1979) . Four patients showed depressive mood symptoms in the UHDRS-behavior assessment, but none of them was suffering a severe depressive episode at the time of study participation. All participants were autonomous (UHDRS-independence scale ≥75%) and showed no signs of dementia. UHDRS-cognitive assessment revealed mild to moderate impairments in patients, but no significant differences compared to controls were found regarding executive functioning as measured by perseverative errors in the mWCST.
To measure the current self-reported experience with different emotional valences, participants completed the Disgust Scale (Haidt et al. 1994 ) and Emotional-Experience-andRegulation questionnaire (Benecke et al. 2008) , which revealed no significant group differences in the experience of basic emotions used in the fMRI task. Additionally, subjects completed the Positive-and-Negative Affect scales (PANAS, Watson et al. 1988 ) and Snaith Irritability-Depression-Anxiety scale (IDA, Snaith et al. 1978) . Here, patients scored significantly higher than controls in the PANAS-negative affect, IDA-depression, anxiety and inward irritability scales (Table 1) . To assess the burden of disease pathology and its influence on neural activity, we used the index of disease-burden based on the formula Age* ] (Penney et al. 1997) . This score provides a measure of genetic disease load while taking in account subjects' current age and was shown to strongly correlate with HD-related clinical features (Tabrizi et al. 2009 ).
Emotion recognition paradigm
For the fMRI paradigm, stimulus material consisted of short video-clips displaying different facial expressions performed by 24 actors and was used in previous fMRI studies Kircher et al. 2012) . Actors were filmed in portrait format including their head and shoulders in front of a grey background. The actors' hair was fixed and covered with a black scarf. Video-clips were cut to a length of 3s with each sequence starting immediately with the onset of the facial gesture and terminating at the height of the emotional expression. Actors produced several instances of affective and neutral expressions, which were rated according to the shown expression and intensity of the expressed emotion by 30 naive observers in a prior behavioural study. For the present fMRI study, we selected video-clips of 20 actors (10 female) displaying fear, sadness, disgust, anger, happiness and neutral expressions as a control condition. The most accurate expression of each category per actor (i.e., videos with the highest recognition rate) but with medium intensity was selected. We opted for these criteria in order to minimize task difficulty for patients while avoiding ceiling effects with fullblown facial expressions in controls. Hence, the emotion recognition task comprised 20 videos of each of the five emotional and neutral expressions. In an event-related design, each video was presented against a black screen for 3s followed by the instruction to categorize the video by pressing one of six buttons according to the possible facial expressions, which were displayed on the screen labeled in the same order as the respective response buttons. Subjects were asked to respond within 3s before the next video was presented in a pseudo-randomized order (four randomization sequences were randomly assigned to the participants) with an inter-stimulus interval of 1s (fixation cross), giving the fMRI paradigm a total duration of approximately 15 min. Prior to scanning each subject was given enough time to familiarize with the task with a different video sample derived from the remaining set of four actors (~10-15 min).
MRI data acquisition
MR images were acquired with a 3-Tesla Trio MR scanner (Siemens Medical Systems, Erlangen, Germany). T2*-weighted images were obtained using echo-planar imaging (EPI) parallel to the AC/PC-line (TR=2200ms, TE=30ms, FoV=200mm, 64x64 matrix, 36 slices, slice thickness=3.1mm). High-resolution T1-weighted images were aquired using a magnetization-prepared rapid gradient-echo sequence (TR=1900ms, TE=2.52ms, TI=900ms, FoV=250mm, 256x256 matrix, 176 sagittal slices, slice thickness=1mm).
Analysis of functional MRI data
Image processing and statistical analyses were performed using Statistical Parametric Mapping software (SPM8, www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB7.6 (Mathworks Inc., Natick, MA/USA). Functional images were realigned to the mean EPI volume, which was coregistered with the T1-weighted anatomical image of each subject.
After spatial normalization to the SPM8 EPI standard template, images were smoothed with an 8-mm full width at half maximum (FWHM) isotropic Gaussian kernel. Single subject (1 st level) and group analyses (2 nd level) were performed within the framework of the General Linear Model (Friston et al. 1995 ). On the 1 st level, the hemodynamic response function was convolved with the onset of every event, and realignment parameters were entered as regressors of no interest to account for motion artifacts. Contrast images were generated for each of the five emotion conditions versus control condition (emotion>neutral) for each subject, which were entered in a repeated-measures ANCOVA on the 2 nd level (withinsubject factor: emotional expression; between-subjects factor: HD vs. controls) by including age as a covariate. Activation differences between patients and controls were assessed using t-contrasts. Emotion-related regions of interest (ROI), based on literature on emotion recognition in HD and meta-analyses of functional imaging studies in healthy subjects (Fusar-Poli et al. 2009; Phan et al. 2002) , included the caudate, putamen, amygdala, hippocampus and parahippocampal gyrus, insula, anterior cingulate (ACC), orbito-frontal (OFC) and medial prefrontal cortex (mPFC). We further included the thalamus as a ROI, as both thalamic atrophy in co-variation with cognitive performance and dysfunctional thalamic metabolism seem to be an early feature in HD (Feigin et al. 2007; Kassubek et al. 2005) . ROI defined by cytoarchitectonic probabilistic maps were available for the amygdala, hippocampus ) and thalamus (Behrens et al. 2003) , which were derived separately for each hemisphere from the Anatomy-Toolbox (Eickhoff et al. 2006; .
Masks for remaining ROI were created using the WFU-PickAtlas (Maldjian et al. 2003; Tzourio-Mazoyer et al. 2002) 
Analysis of structural MRI data: Voxel-based morphometry
Regional gray matter changes in HD patients relative to controls were analyzed by means of voxel-based morphometry (VBM, Ashburner and Friston 2000; Good et al. 2001 ) using the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm). Briefly, T1-weighted images were spatially normalized by high-dimensional warping (DARTEL) with a standard template and segmented into gray matter (GM), white matter and cerebrospinal fluid. To correct for individual brain sizes and allow comparing the absolute amount of tissue volume (Good et al. 2001) , voxel values were multiplied ("modulated") by the non-linear component of the Jacobian determinant derived from the spatial normalization. Finally, modulated GM images were smoothed with a Gaussian kernel of 8-mm FWHM. GM differences between patients and controls were tested using two-sample T-tests and by including age as a nuisance covariate.
Results were thresholded at p<0.05 (FWE-corrected) within ROI and across the whole brain.
In case of an overlap between functional and structural alterations and to investigate functional activity outside of atrophic regions, we created two binary masks: one mask blanked all significant voxels in the VBM-ROI analyses, in the second mask significant VBM results across the whole brain were excluded. Functional activation differences between patients and controls were reanalyzed as reported above but after explicitly masking statistical parametric maps with each of these created masks. That is, differences in BOLD-response between patients and controls were restricted to those voxels not affected by significant GM changes (Wolf et al. 2009 ).
Correlation analyses
We conducted exploratory post-hoc correlation analysis to assess systematic covariations between neural activity, GM volumes and behavioral variables. 
Results
Behavioral performance in emotion recognition task
Average emotion recognition accuracy was above-chance level in both groups (HD: 33-83%, controls: 78%-88%; chance 16%). Patients performed significantly worse than controls in the recognition of all negative emotions (disgust, fear, sadness, anger) but showed no significant differences in recognizing neutral expressions ( indicating that patients more frequently judged sad videos as neutral expressions than controls.
Voxel-based morphometry
Whole brain analysis of volume reductions in HD patients compared to controls revealed GM atrophy in patients in the bilateral putamen and caudate extending to the thalamus and pallidum, bilateral hippocampus, left premotor (PMC) and primary motor cortex (M1), middle temporal gyrus, right inferior parietal cortex, and in visual cortices (Table 3, supplementary Fig.S1; cf. Fig.2 ). There were no significant volume increases in patients compared to controls. ROI analysis showed significant GM atrophy in most of the pre-defined areas: in the bilateral caudate, putamen, amygdala, thalamus, hippocampus, insula, left parahippocampal gyrus and left OFC (supplementary Table S1 ; cf. Fig.1 ).
Functional imaging results
During video-clips displaying fear we found decreased BOLD-response in patients relative to controls in the left centromedial amygdala, right hippocampus, bilateral medial thalamic nuclei connecting to prefrontal and temporal cortices (Behrens et al. 2003) , ventral and dorso-ventral putamen, right ventral caudate, left dorsal mid-insula, and right ACC (Table 4 , Fig.1A ). For anger the right hippocampus, bilateral medial thalamus, ventral putamen, and left mPFC were less activated in patients compared to controls (Table 4 , Fig.1B ). During videos expressing disgust, we observed less recruitment in patients in the bilateral ventral putamen, dorso-ventral caudate, posterior insula, and inferior OFC (Table 4 , Fig.1C ). The left mPFC was also less recruited during sadness (Table 4 , Fig.1E ). For sadness, we additionally observed increased BOLD-response in patients compared to controls in the bilateral laterobasal amygdala, hippocampus and right parahippocampal gyrus (Table 4 , Fig.1D ).
Outside of predicted ROI, we found less neural activity for fear, anger and disgust in patients compared to controls in the inferior frontal gyrus, left PMC, M1 and somatosensory cortex (SI) ( Table 5 , Fig.2 ). During fear videos patients also showed decreased BOLD-response in the left supplementary motor area, left middle and bilateral posterior cingulate cortex, bilateral precuneus, superior parietal cortex, superior and middle temporal gyri. The left central opercular cortex, bilateral cuneus, visual areas, cerebellum and right pallidum were less recruited in patients during fear and anger videos, and inferior and middle temporal gyri during anger and disgust. For happiness we only found significant group differences in extrastriate visual cortices. During sadness there were no other group differences in neural activity outside of predicted ROI (note that higher activity in patients in the left amygdala and hippocampus was also significant across the whole brain, Fig.2 ).
Functional imaging results outside of atrophic regions
To account for brain atrophy, we reanalyzed functional imaging data after excluding all voxels showing significant GM differences between patients and controls in the VBM analyses. Functional group differences were similar as reported above in the ROI analyses and across the whole brain, with the following exceptions: Group differences in the left amygdala for fear, right putamen for anger, and right caudate for fear and disgust could not be replicated. The signal increase in the amygdala in patients compared to controls during sadness diminished substantially, but was still significant in the left hemisphere. Across the whole brain, group differences in the occipital cortex for anger and happiness, and in the pallidum for fear did not survive cluster-level FWE correction (supplementary Table S2 ).
Correlation analyses
Thalamic volumes in HD patients correlated positively with thalamic activity during fear in each hemisphere (left: r=.632, p=0.015; right: r=-.557, p=0.038 ; Fig.3A ), indicating that lower functional activity in the thalamus was associated with more pronounced thalamic atrophy.
Similarly, GM loss in the left mPFC co-varied with lower functional activity in this region during sadness (r=.542, p=0.045). In the left amygdala, we found a negative correlation between GM volumes and BOLD-response during sadness (r=-.565, p=0.035), i.e. higher functional activity in the amygdala was related to amygdala atrophy in patients.
Amygdala activity during sadness further correlated negatively with recognition accuracies of sadness in patients (r=-.566, p=0.035), while we found a positive association between amygdala activity and recognition of fear in controls (r=.741, p=0.002). Higher amygdala activity during fear and sadness, and hippocampal activity during fear were associated with higher disease-burden scores (r=.651 to .668, p≤0.012). Higher CAG-repeats were associated with stronger insular recruitment during disgust (r=.617, p=0.019; Fig.3B ),
indicating an increase of functional activity with higher genetic load in HD.
Discussion
Huntington's disease is a devastating disorder afflicting social life and interpersonal relationships. Understanding early difficulties in deciphering gestural meanings in others and their underlying mechanisms is fundamental for our comprehension of pervasive social interaction problems in HD. In this first fMRI study on emotion processing in manifest HD we demonstrated dysfunctions in emotion-related brain networks in the context of structural degeneration in HD, suggesting disruptions of striato-thalamo-cortical loops and potential compensation mechanisms related to disease severity.
Emotion recognition and neural dysfunctions in emotion-related networks
In accordance with previous studies on emotion recognition abilities in HD ), our manifest patients showed deficient accuracy in recognizing negative emotions.
Interestingly, patients inability to recognize disgust was primarily expressed as false positive answers for anger and fear, supporting the notion that HD patients show an exaggerated form of an anger-disgust confusion that was previously reported for false positive rates of anger recognition (Calder et al. 2010) . Recognition of happiness tended to be impaired in patients, probably due to ceiling effects in the control group, as deficient recognition of positive emotions in HD patients have been reported when more differentiated or vocal stimuli were used (Robotham et al. 2011) . On the neural level, group differences for the processing of happiness were limited to visual cortices, whereas for fear, anger and disgust we revealed distributed patterns of lower functional activation in patients compared to controls. The processing of fearful faces revealed the most pronounced activation differences, observed in our predefined limbic ROI (i.e., ventral putamen and caudate, amygdala, hippocampus, thalamus, insula, ACC) as well as in the pallidum, cerebellum and distributed lateral prefrontal, parietal, temporal, sensorimotor and visual cortices. According to proposed basal ganglia-thalamo-cortical circuits, the ventral striatum receives input from cortices including temporal gyri, ACC, hippocampus and entorhinal cortex that are projected back to the ACC forming the "anterior cingulate loop" (Alexander et al. 1986 ). The ACC is connected to limbic structures such as the amygdala and insula (Craig 2009 ) and is engaged in emotional tasks with cognitive demand (Phan et al. 2004) . Our data show emotion-related dysfunctions in these circuits in HD. Similar to the pre-manifest stage (Hennenlotter et al. 2004 ), our patients exhibited lower BOLD-response compared to controls in the left insula during the processing of disgust, and additionally showed reduced recruitment in the right OFC and bilateral ventral putamen persisting after atrophy correction in this region. Both the insula and basal ganglia have been related to disgust processing (Phillips et al. 1997; Sprengelmeyer et al. 1998) ; and the reduced insular activity in patients during fear accords with the notion that the insula is not a specific neural substrate for disgust but rather for aversive or threat-related stimuli such as fear (Phan et al. 2004; Reiman et al. 1997) . In comparison to recent findings on emotion processing in pre-manifest HD, Novak and colleagues (2012) detected altered neural activity in sixteen pre-manifest subjects compared to controls only after controlling for effects of CAG-repeats or proximity to disease onset, which the authors explained with the heterogeneous nature of HD arguing for baseline alterations in neural activity independent of gene-dosage. Our data amplify this notion with respect to the symptomatic stage: First, we did find significant group differences without accounting for genetic dosage or factors related to disease-severity, indicating that as HD progresses extensive variation in individual phenotypes converge to more general emotionprocessing deficits. Second, these differences were still variable within the HD group depending partly on the extent of regional atrophy or genetic load as shown by our correlation analysis. Notably, Novak et al.(2012) also reported CAG-dependent functional activation in their pre-manifest sample, including negative correlations between disgustrelated insular activity and CAG-repeats, whereas we found positive associations in manifest HD. Similarly, significant associations between functional activity in the amygdala or hippocampus and disease-burden scores indicated an increase of BOLD-response with greater disease affection (Fig.3) . Considering that patients mostly showed decreased neural response, this pattern seems to be contradictory, but was reported before in functional imaging studies in HD (Feigin et al. 2006; Wolf et al. 2009 ) and might be interpreted as a compensatory, albeit less successful mechanism in more severely affected patients to counterbalance emotion-processing deficits. Generally, this direction of correlation is in line with the suggestion of an U-like temporal change of functional activity in HD with a minimum at the time of clinical conversion (Georgiou-Karistianis 2009). In contrast, decreased activity during fear and anger in the medial thalamus connecting to prefrontal and temporal cortices (Behrens et al. 2003) was associated with more pronounced thalamic volume loss, but remained robust after correcting for thalamic atrophy. In a longitudinal PET study, Feigin et al. (2007) reported a decline of increased thalamic metabolism to subnormal levels when pre-manifest subjects developed symptoms, suggesting that as thalamic degeneration progresses the compensatory mechanism for early pre-manifest loss of striato-cortical activity diminishes (Feigin et al. 2007 ). Our findings in manifest HD indicate that with increasing thalamic atrophy disruptions of its relay function between subcortical and prefrontal/temporal cortices become evident, resulting in lower functional response in distributed striatocortical networks and hence emphasize the role of the thalamus in emotion processing as previously shown for other cognitive domains in HD (Kassubek et al. 2005 ).
We also found reduced neural activity in HD patients compared to controls in occipitotemporal and parietal regions, including somatosensory and central opercular cortices.
Although we controlled for simple sensory processing by contrasting emotional stimuli to neutral expressions, activation in visual association areas tend to be elicited more extensively by complex stimuli with emotional relevance than face processing alone (Phan et al. 2002) . The lower neural activation in patients in visual areas indicate deficient early perceptual processing of emotional-relevant stimuli in HD that is necessary to construct representations of facial features before inferring the meaning about an emotion (Adolphs 2002) . Somatosensory cortices seem to play a critical role in emotion recognition as the representation of the emotional response in primary and secondary somatosensory cortices can facilitate the ability to assemble information on the emotion seen in others (Adolphs et al. 2000) . Hence, reduced neural activity in parietal regions might contribute to emotion recognition deficits in HD.
Increased limbic activity and processing of sadness
We further observed increased BOLD-response in patients during videos displaying sadness that was substantial after correcting for atrophy in the left amygdala, bilateral hippocampus and right parahippocampal gyrus. Enhanced neural activation is usually interpreted as compensatory recruitment representing primary dysfunctions with respect to cortical degeneration or secondary compensatory processes due to striatal deficits in HD (GeorgiouKaristianis 2009; Paulsen 2009). Our correlation analysis suggests an increase of amygdala activity with more advanced amygdala atrophy and higher disease-burden. Because of the fact that amygdala activity was the only functional data associated with task performance, it is plausible to think of a compensatory though counterproductive attempt in patients at recruiting more extensively this region. Increased amygdala response particularly during the processing of sad expressions has been reported in patients with major depressive disorder (Surguladze et al. 2005; Victor et al. 2010 ) and was associated with deficits in explicit labelling of negative emotions (van Wingen et al. 2011) , which might be related to the findings in our HD patients showing depressive mood symptoms. However, in depressed patients a more distributed pattern of enhanced neural activity in networks important for the processing of emotional stimuli (e.g. putamen, occipito-temporal regions) seems to be involved (Surguladze et al. 2005) . Increased amygdala response to facial stimuli has also been shown in other neurodegenerative diseases such as Alzheimer's disease (AD) and was associated with irritability and aggression in AD (Wright et al. 2007 ) indicating a clinical significance of this finding for features that are also common in HD. A functional connectivityanalysis using resting-state fMRI in healthy subjects revealed distinct connectivity patterns within the amygdala, in which laterobasal subdivisions predicted activity in temporal and frontal regions, while the centromedial part predicted primarily striatal activity (Roy et al. 2009 ). Similarly, in our analysis reduced centromedial amygdala response during fear was accompanied by lower striatal activity, while we found lower recruitment in the mPFC in addition to the enhanced activity in the laterobasal amygdala during sadness. The mPFC is involved in cognitive aspects of emotion processing (e.g., attention or identification of emotion) and might serve as a "top-down" modulator of intense emotional responses, generated for instance by the amygdala (Phan et al. 2004) . Since lower functional response in the mPFC was associated with lower GM density in patients, the enhancement in BOLDresponse in subcortical limbic structures may arise from a lack of higher order prefrontal inhibition of intense subcortical activity. However, decreased activity in the mPFC was also observed for anger (and in other prefrontal areas for negative emotions) in the absence of subcortical hyperactivation. Thus it remains unclear why these specific effects were observed only for sadness but not any other negative emotion, as we did not detect any disproportionate impairment on the behavioral level. Error type analysis showed that patients misclassified sad videos more frequently as fear and anger, which might partly explain the increase in amygdala activity, though compared to controls false positives were only significant for neutral expressions. Another possible explanation might be that the videos expressing sadness used in our study might have been experienced as more emotive by our patients. As deficient recognition accuracy for sadness are less consistently reported than for other negative emotions in manifest HD (Calder et al. 2010; Henley et al. 2011; Montagne et al. 2006) , it is also conceivable that the neural basis for this particular emotion may follow different functional maintenance strategies. The exact neural mechanism underlying this striking finding for sadness remains elusive, and since both fMRI studies in pre-manifest HD did not employ sad expressions to compare with our data, future imaging studies will need to elucidate the stability of our findings.
Limitations and Conclusions
A potential limitation of the current study is that our HD sample showed impairments in other cognitive domains than emotion recognition alone. Progressive cognitive decline, especially in the manifest stage, is intrinsic to HD (Paulsen 2011) , making the investigation of definite functional networks difficult. However, we did not detect systematic variations neither of recognition accuracy nor functional data in respective ROI with cognitive measures in patients. Moreover, our aim was to investigate the neural mechanism underlying emotion processing deficits in HD, for which we used an explicit emotion recognition paradigm with dynamic stimuli (rather than less provoking static images) to induce conscious emotion processing, and did not omit incorrect trials but assessed systematic co-variations with behavioral performance. However, it would have been interesting to assess more systematically the difference in neural response between correct and incorrect trials in order to reveal more differential aspects of emotion processing in HD. Since patients showed severe impairments in behavioral performance, as expected in the manifest stage of HD, these analyses are not feasible with the current data and need to be addressed in future studies using more differentiated stimuli (e.g., varying intensity or task difficulty). Further, because of widespread structural degeneration particularly in the manifest HD stage, functional data will inherently be contributed by anatomical tissue loss. We aimed to overcome this issue by combining both functional and structural data, revealing differential aspects between regional tissue loss and functional alterations. Although we used a rather conservative correction method in terms of ROI-based VBM analysis, this approach might also reduce the sensitivity in detecting activation differences in relevant areas in contrast to voxelwise covariate methods (Oakes et al. 2007 ).
In conclusion, we have shown that impaired emotion processing is associated with lower functional activity in widespread subcortical and cortical regions in manifest HD.
Degeneration, particularly in subcortical structures, seems to mediate functional decline, but cannot fully explain the observed alterations suggesting extensive disruptions of basal ganglia-thalamo-cortical circuits. Increase of functional recruitment as observed in the amygdala involves greater disease affection along with a lack of higher order inhibition. With respect to HD's heterogeneity, deficient emotion processing is highly variable even in the manifest stage but seems to converge to a more general impairment, both behaviorally and functionally. For future studies, it will be desirable to use more differentiated stimuli of emotional valences in conjunction with detailed ratings of respective emotions (e.g., intensity, emotiveness) to validate our findings and to elucidate more differential aspects of the neural basis of emotion processing in HD. Table 2 Percentage of correctly recognized facial expressions in the emotion recognition task Table 3 Significant gray matter volume reductions in HD patients compared to controls Table 4 Regions of interest showing significant group differences between HD patients and controls in BOLD-response to emotional vs. neutral expressions Table 5 Significant group differences in BOLD-response outside of predicted ROI 
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